Adaptation of bacteria to new or changing environments is often associated with the uptake of foreign genes through horizontal gene transfer. However, it has remained unclear how (and how fast) new genes are integrated into their host's cellular networks. Combining the regulatory and protein interaction networks of Escherichia coli with comparative genomics tools, we provide the first systematic analysis of this issue. Genes transferred recently have fewer interaction partners compared to nontransferred genes in both regulatory and protein interaction networks. Thus, horizontally transferred genes involved in complex regulatory and protein-protein interactions are rarely favored by selection. Only few protein-protein interactions are gained after the initial integration of genes following the transfer event. In contrast, transferred genes are gradually integrated into the regulatory network of their host over evolutionary time. During adaptation to the host cellular environment, horizontally transferred genes recruit existing transcription factors of the host, reflected in the fast evolutionary rates of the cis-regulatory regions of transferred genes. Further, genes resulting from increasingly ancient transfer events show increasing numbers of transcriptional regulators as well as improved coregulation with interacting proteins. Fine-tuned integration of horizontally transferred genes into the regulatory network spans more than 8-22 million years and encompasses accelerated evolution of regulatory regions, stabilization of protein-protein interactions, and changes in codon usage.
Introduction
Horizontal gene transfer (HGT) is widely recognized as a major contributor to evolutionary innovations in bacterial lineages (Ochman et al. 2000; Koonin et al. 2001; Gogarten et al. 2002; Jain et al. 2002; Daubin et al. 2003; Koonin 2003; Nakamura et al. 2004; Lerat et al. 2005) . Gene transfer can be viewed as a process comprised of 3 consecutive steps: 1) the physical transfer of DNA into a foreign cell, followed by the integration of the DNA into the genetic repertoire of the individual host cell; 2) the spread of this variant through the bacterial population (fixation)-this will mostly be due to selective advantages provided by the transferred DNA and is hence necessarily associated with a preliminary functional integration of the new gene into the cellular environment; and 3) the fine-tuning of biochemical interactions, caused by selective pressure to optimize the functional integration and resource usage of the new gene. The first step is independent of the functional characteristics of the transferred genes and its details are not considered below.
It is obvious that no horizontally transferred gene can work in isolation: appropriate transcription, translation, protein folding, and multiunit complex formation require various molecular signaling mechanisms. These signals, encoded in the foreign gene sequence and its associated cis-regulatory regions, must be recognized by host proteins and various cellular machineries; for example, initiation and rate of transcription/translation depend on the recognition of promoters, transcription factor-binding sites, and ribosomal binding sites. In a similar vein, appropriate subcellular localization demands recognizable signal peptides and proper multiunit complex formation requires precise coregulation to ensure correct stochiometry of subunits.
These various layers of cellular recognition evolve. Thus, appropriate interaction of transferred genes with the host cell is expected to diminish with increasing phylogenetic distance between host and donor organisms. Accordingly, the likelihood of fixation of a transferred gene diminishes, whereas the necessity to fine-tune established interactions increases. Although some of the above problems can partly be relieved through the cotransfer of interaction partners, there are limits on the length of simultaneously transferred DNA; these limits prevent the successful cointegration of members of large, heavily interacting functional modules in a single step. Accordingly, the ''complexity hypothesis'' posits that genes involved in complex cellular subsystems are less likely to undergo HGT (Rivera et al. 1998; Jain et al. 1999 Jain et al. , 2002 . Whereas the differential rates of HGTs across functional classes are consistent with this hypothesis (Rivera et al. 1998; Jain et al. 1999) , the theory remained hotly debated (Brochier et al. 2000; Nesbo et al. 2001) . A recent study (Wellner et al. 2007 ) concluded that horizontally transferred genes are indeed less involved in proteinprotein interactions. Based on the comparison of 2 different methods for identifying horizontally transferred genes, it was suggested that transferred genes integrate slowly into existing protein-protein interaction networks (Wellner et al. 2007) .
Given the potentially harmful consequences of unregulated expression of foreign genes (including transposable elements and viruses), several safeguard mechanisms have evolved to detect and silence horizontally transferred genes (Navarre et al. 2006; Dorman 2007) . For example, the heatstable nucleoid-structuring system-which is widespread across enterobacterial species including Escherichia colihas a key role in selectively silencing the transcription of GC-poor genes, including many genes derived from horizontal transfers (Dorman 2007) . This repression mechanism can later be relieved by the formation of new regulatory interactions with host transcription factors (Dorman 2007) , as well as through the slow ''amelioration'' of GC content to that found in ''native'' host genes (Lawrence and Ochman 1998) . Low levels of gene expression are likely to be especially problematic for genes involved in the formation of multiunit protein complexes, as low dosage impedes complex formation (Deutschbauer et al. 2005) , and imbalance of complex subunits can lead to harmful protein aggregation (Papp et al. 2003) .
Here, we focus on the coevolution of bacterial proteinprotein interaction and regulatory networks when ''perturbed'' by gene transfer events. We focus on the integration of novel genes and are not concerned with xenologous replacements. Employing a method that allows the dating of horizontal transfer events, we systematically contrast nontransferred genes and transferred genes of different age groups. Thereby, we examine 2 questions: can novel genes easily establish physical and regulatory interactions with genes of their new host? And how are novel genes incorporated into the regulatory systems of their host over evolutionary time?
Materials and Methods

Identification of Orthologs
From the National Center for Biotechnology Information, we downloaded the protein sequences of 31 fully sequenced bacteria that are derived from the last common ancestor of E. coli and Shewanella oneidensis. We performed reciprocal BlastP searches of all proteome pairs (Altschul et al. 1997 ). Orthologs were selected based on reciprocal best Blast hits using an E value cutoff of 10 À40 (other cutoff values led to very similar results, see supplementary tables 1-5 [Supplementary Material online]). Orthologous clusters of genes were defined as groups of sequences (0 or 1 per species), where each sequence had each of the other group members as the best BlastP hit in the respective proteome. If any of the sequences in a cluster had a reciprocal best Blast hit in another proteome, but the latter sequence was not best reciprocal hit to all other sequences already included in the group, the whole group was excluded from further analyses. This requirement of all-against-all reciprocal best hits is very stringent and thus gives good confidence in the inferred orthology. Ortholog identification was first performed for all 31 species to allow phylogenetic reconstruction including 7 outgroup species (see below). To identify orthologous clusters for the analysis of HGTs, we then repeated the protocol for the 24 ingroup species (3 species were later excluded, see below).
Phylogenetic Reconstruction
To reconstruct the phylogenetic relationships among the 31 strains of bacteria, we selected all 114 orthologous clusters that contained one sequence from each strain. Multiple sequence alignments were performed with MUSCLE using default settings (Edgar 2004) . Alignments were purged from unreliably aligned positions as well as gaps with Gblocks (Castresana 2000) , requiring that flanking regions of blocks were conserved across all strains. The remaining 42,377 positions were concatenated for phylogenetic analysis. We performed a maximum likelihood analysis with phyML (Guindon and Gascuel 2003) , employing an empirical substitution model (Jones et al. 1992 ) and accounting for among-site rate variation with a discrete Cmodel. All but 3 branches of the resulting phylogeny were supported by .95% of 1,000 bootstrap replicates; To be conservative, we restricted all analyses to the 21 species with a fully resolved phylogeny ( fig. 1 ; excluding Salmonella enterica Cholerasuis, Salmonella enterica Paratyphi ATCC9150, and Yersinia Pestis KIM and treating Shewanella and the Vibrio/Photobacterium clade as outgroups).
Inference of HGT
Based on the presence and absence of genes in each of the orthologous clusters of genes across the 21 proteobacterial species (excluding singletons, i.e., genes that have no reciprocal best Blast hit in any other species), we reconstructed the most parsimonious scenarios for gene loss FIG. 1.-Bacterial phylogenetic tree. The tree was derived using maximum likelihood analysis of ubiquitous single-copy genes under an empirical model of amino acid substitutions. Labels to the right of branches give bootstrap support in percent. The branching order agrees with previously published results. Italic labels below branches indicate the relative age of horizontal transfers into the Escherichia coli K12 lineage assigned to these branches. 560 Lercher and Pál and horizontal transfer events (gene gains) on the rooted phylogeny using generalized parsimony as implemented in PAUP* version 4.0 (see [Pal et al. 2005] and further references therein). All results in the main text are obtained using the DELTRAN algorithm, with relative penalties for HGT and loss of 2:1. This penalty ratio was previously shown to be biologically realistic (Snel et al. 2002) . Results obtained for different settings are very similar (supplementary tables 1-5, Supplementary Material online). For further analyses, we considered only orthologous clusters containing a sequence from E. coli K12 that had an associated Blattner name. To measure the age of individual transfer events into E. coli K12, we used the number of nodes separating E. coli K12 from the branch where the event occurred, starting with a value 1 for the terminal E. coli K12 branch itself ( fig. 1 ).
Network and Expression Analyses
The protein interaction network of E. coli K12 was reconstructed by merging 2 large-scale pulldown screens (Butland et al. 2005; Arifuzzaman et al. 2006) , yielding 16,384 protein interactions. For each protein used as a bait in either one or both studies, we defined connectivity as the total number of different prey proteins that were identified in the 2 studies. We restricted our attention to genes that 1) were systematically screened against nearly all E. coli proteins in at least one of these studies and 2) for which reliable information was available on the presence/absence of its orthologs across the phylogenetic tree. The number of protein interactions was calculated for all 1,803 genes that fulfilled the above criteria.
The microarray gene expression data set used for the coexpression analysis was derived from the Stanford Microarray Database (Ball et al. 2005) , as compiled and normalized across experiments by Bhardwaj and Lu (2005) . The data set includes 52 data points, measured under several biological conditions, including RNA degradation, nutrient limitation, and enzyme inhibition/promotion (Bhardwaj and Lu 2005) . We concentrated on protein interactions with 1) appropriate expression data for both genes and 2) evidence that at most one of the partners has been transferred into the E. coli K12 lineage, leaving 7,605 interacting gene pairs. As previously (Bhardwaj and Lu 2005) , we used Pearson's correlation coefficient (r) as the measure of mRNA coexpression among interacting proteins.
Transcriptional regulatory interactions and information on computationally predicted transcriptional units were downloaded from the updated RegulonDB database (Salgado et al. 2006) , which contains experimental evidence on 150 regulators affecting 2,862 genes in E. coli K12.
Calculation of Sequence Conservation at Upstream Noncoding Regions
Upstream intergenic DNA regions of 1,838 orthologous gene pairs were extracted from the genome sequences of E. coli K12 and Shigella flexneri 2a. The data were limited to the intergenic region up to a maximum of 500-bp upstream of the translation start site, regions where almost all bacterial control elements are found (Gralla and ColladoVides 1996) . To avoid statistical nonindependence, only genes next to the promoter region of each transcription units were analyzed further (Salgado et al. 2006) . Sequence pairs were aligned with MCALIGN2 , using an indel frequency model specified for noncoding DNA upstream of genes. To ensure that only homologous noncoding sequences were aligned, only relatively long (!50 aligned nucleotides) and well-conserved (!90% sequence identity) alignments were retained for subsequent analyses. Evolutionary distances were calculated using the method of Jukes and Cantor (Nei and Kumar 2000) . Other methods give nearly identical results (supplementary table 4, Supplementary Material online). The results are unlikely to be sensitive to specific parameters of the alignment program for 2 reasons. First, as very closely related organisms were analyzed, alignments contained few indels (data not shown). Second, distances were also calculated based on alignments obtained by SIGMA (Siddharthan 2006) , a recently developed program for the alignment of noncoding sequences. Results based on the 2 alignment methods show excellent agreement (Pearson's correlation coefficient r 5 0.973).
Results and Discussion
Identifying Horizontally Transferred Genes Several methods exist for detecting horizontally transferred genes (Gogarten et al. 2002) . They are based on 1) atypical sequence composition, 2) patchy or limited phylogenetic distribution across related species, or 3) incongruence between phylogenetic gene and species trees. Crucially, these methods examine different properties of the genomes, identify different subsets of horizontally transferred genes, and are therefore appropriate for testing different types of hypotheses (Gogarten et al. 2002) . A significant difference has recently been pointed out between the identification of xenologous replacements of genes by clear orthologs obtained from other species and the identification of integrated foreign genes (e.g., pathogenicity islands) with no allelic counterparts in the host or in closely related genomes (Daubin and Ochman 2004; Ge et al. 2005) . In particular, the reliance of phylogenetic incongruence methods on the existence of orthologs in several related species means that they cannot be applied to genes with limited phylogenetic distributions.
Problems concerning the functional integration of new elements without already present orthologs are likely to differ from those associated with xenologous replacements (Koonin et al. 2001 ). As our work aims to elucidate the integration of novel genes, we used a method optimized for the detection of the former type of transfer. We mapped gene gain and loss events onto a phylogenetic species tree, using established protocols based on the distribution of genes across species. This approach has the desired effect of ignoring xenologous replacements of genes with (nearly) identical functions and properties. However, our main conclusions do not depend on the choice of method for the identification of transferred genes: Very similar results are obtained when we restrict our analyses to transfers confirmed through complementary methods (see below).
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We first assembled stringent orthologous families of genes across 21 fully sequenced proteobacteria species including E. coli K12. As our protocol is especially suitable for analyzing gene gain and loss events among closely related species, we included several E. coli strains and their relatives. We then established the species phylogeny based on 114 ubiquitous single-copy genes, using maximum likelihood methods. The resulting tree was not only well supported by bootstrap analyses ( fig. 1 ) but also agreed with previous results on subsets of the investigated species (Mirkin et al. 2003; Boussau et al. 2004; Pal et al. 2005) . We then used established protocols (Kunin and Ouzounis 2003; Mirkin et al. 2003; Boussau et al. 2004; Pal et al. 2005) for the inference of horizontal transfer events across 2,977 orthologous gene families with members in E. coli K12. We identified the most parsimonious scenario for HGTs and gene losses across the tree based on the presence or absence of proteins from each species. The inferred rates of HGT may be overestimates (Zhaxybayeva et al. 2007 ) as gene loss commonly proceeds through gradual loss of gene activity. However, results remain after excluding potential pseudogenes and genes with no detectable transcripts in the E. coli K12 genome (see below).
Several empirical results confirm the reliability of our method. First, consistent with expectations and earlier observations (Lawrence and Ochman 1998) fig. 1C and D, Supplementary Material online) agrees with the previously hypothesized amelioration of compositional biases over evolutionary time (Lawrence and Ochman 1998) . Finally, the results of this paper are not sensitive to modifications of the parameters used in the generalized parsimony analysis: All major results reported below have been confirmed using different parameter settings for horizontal transfer identification (supplementary tables 1-5, Supplementary Material online).
It has recently been recognized that proteins of horizontally transferred genes evolve at especially high rates (Hao and Golding 2006) . As the initial step of our HGT detection method hinges on identifying orthologs by sequence similarity, one might thus worry that the method confounded rapid evolution with horizontal transfer. This is unlikely to be a problem: The probability of missing orthologs (and thereby falsely inferring transfers) in fastevolving genes is expected to increase with more stringent similarity cutoffs used for assembling orthologs. However, varying the Blast cutoff has no consistent effect on the difference in the number of protein interactions between transferred and nontransferred genes (supplementary tables 1-5, Supplementary Material online).
Horizontally Transferred Genes Have Few Physical Protein Interactions
Network position in the protein interaction network of E. coli K12 was obtained by combining data from 2 largescale systematic studies (Butland et al. 2005; Arifuzzaman et al. 2006) . Remarkably, 13-24% (supplementary table 1, Supplementary Material online) of the genes with protein interactions in our data set are likely to be the result of horizontal gene transfer since the divergence of E. coli from the Salmonella lineage (estimated to have occurred approximately 100 MYA [Lawrence et al. 1991] ). This identifies HGT as a major force in the evolution of protein interaction networks, analogous to findings on biochemical metabolic networks (Pal et al. 2005) .
In agreement with the complexity hypothesis and a recent study based on complementary approaches for gene transfer identification (Wellner et al. 2007 ), we find that hubs of the protein interaction network are rarely transferred: The mean number of horizontal transfers across the tree decreases drastically with increasing numbers of interactions ( fig. 2A) . Genes most susceptible to HGT (those transferred more than once across the phylogenetic tree) have on average 70% fewer interactions compared with genes never transferred ( fig. 2B ).
The negative correlation between HGTs and the number of protein interactions remains when only interactions validated by further experiments are analyzed (supplementary table 1b, Supplementary Material online). Transfer events confirmed by incongruence of the phylogenetic gene and species trees (supplementary fig. 2 , Supplementary Material online) show similar differences in the number of protein interactions between the 2 classes of genes. Further, the relationship between the number of protein interactions and the number of transfer events across the tree remains after controlling for potential confounding variables (essentiality [Pal et al. 2005 ], expression level [Taoka et al. 2004 Low connectivity might simply reflect the conditionspecific activity of transferred genes. Indeed, in the context of metabolic networks, we have shown previously (Pal et al. 2005 ) that horizontally transferred genes often confer selective advantages in special environments and are generally located at the network periphery (i.e., function in the uptake or catalysis of external nutrients). However, analysis of growth rates of knockout mutants under 282 environmental conditions reveals no relationship between condition specificity and the number of protein interactions (supplementary fig. 4, Supplementary Material online) . Thus, environmental specificity is unlikely to cause the observed pattern.
How does connectivity evolve over evolutionary time? There is at best only a weak relationship between the 562 Lercher and Pál number of protein interactions and increasing age of the transfer (supplementary table 3, Supplementary Material online). Even proteins resulting from the most ancient transfers into the E. coli lineage have much fewer interactions than nontransferred genes (supplementary fig. 5 , Supplementary Material online). This implies that physical protein-protein interactions are not often gained (or regained) after horizontal transfers: For a transferred gene to become fixed in the bacterial population, important interaction partners have to be available immediately after transfer. The low connectivity of proteins resulting from transfers across all age groups thus indicates that physical protein-protein interactions indeed impede successful integration into a new host, as predicted by the complexity hypothesis (Jain et al. 1999) : Transferred genes are unlikely to perform selectively favorable functions if suitable interaction partners are not already present in their new host.
Only Recently Transferred Genes Have Few Regulatory Interactions
Due to the fast evolution of bacterial transcriptional networks (Madan Babu et al. 2006) , transcription factors will often differ significantly between transfer source and target species. Hence, many horizontally transferred genes may initially not be optimally regulated, resulting in low expression levels (Taoka et al. 2004) . To test this prediction, we obtained the known transcriptional regulatory network of E. coli from RegulonDB (Salgado et al. 2006) .
Analogous to our results for protein-protein interactions, we found that genes recently transferred into the E. coli K12 lineage are less likely to be under the direct control of known transcriptional regulators compared with nontransferred genes ( fig. 3) . However, whereas even proteins resulting from ancient transfers have few proteinprotein interactions, their transcriptional control approaches that of nontransferred genes ( fig. 3) . Remarkably, it appears that the average number of transcriptional regulators still increases for proteins up to at least age class 4 ( fig. 3) , consisting of transfer events that occurred before the diversification of the E. coli lineages ( fig. 1) .
Proteins of recently transferred genes are known to be weakly expressed (Taoka et al. 2004 ). This observation is consistent with at least 2 theories. First, horizontally transferred genes might represent special classes of genes with low optimal gene expression level. Alternatively, improper interactions with the host cellular machinery might prevent appropriate levels (and timing) of expression. Consistent with the latter idea, the number of transcription factors enhancing the transcription rate of a given gene (positive regulators) strongly increases shortly after horizontal transfer and remains relatively constant afterward. In contrast, the number of transcription factors suppressing the expression level of a given gene (negative regulators) increases more slowly and gradually through evolutionary time ( fig. 3A) . Thus, it appears that transcription is rapidly boosted initially after transfer and then slowly fine-tuned by the addition of negative regulators. The early recruitment of positive regulators may also have a distinct role in relieving the impact of genomic safeguarding mechanisms that silence foreign elements (Dorman 2007) .
Accelerated Regulatory Evolution Upstream of Transferred Genes
Regulatory interactions between host transcription factors and horizontally transferred target genes can arise through de novo evolution of transcription factor-binding sites and/or through changes in existing binding sites at the transferred gene. In both scenarios, one would expect accelerated evolution of the transcriptional control regions of recently transferred genes.
To test this prediction, we compared the degree of conservation at homologous upstream DNA regions between E. coli K12 and its close relative S. flexneri. Genes that were Integration of Horizontally Transferred Genes 563 transferred into E. coli K12 after its split from the S. flexneri lineage were excluded from the analysis. As predicted, the rate of evolution at the 500 noncoding base pairs upstream of transcriptional units-where almost all bacterial transcription control elements are found-gradually decreases with the age of horizontal transfer ( fig. 4 ; this result is not affected by details of the alignment of regulatory regions or the substitution rate calculations, supplementary table 4 [Supplementary Material online]).
Coexpression Evolution of Interacting Proteins after Horizontal Transfer
Improper regulation will be especially problematic for genes involved in protein-protein interactions, as low dosage impedes the formation of proper complex formation (Deutschbauer et al. 2005) , and imbalance of complex subunits can lead to harmful protein aggregation (Papp et al. 2003) . Thus, even when suitable interaction partners are present in the host of a newly transferred gene, protein expression of the partners needs to be synchronized to enable efficient cofunction (Jain et al. 1999) .
To investigate the coevolution of regulatory and protein-protein interaction networks, we analyzed 7,605 interacting gene pairs with at least one member that has not undergone HGT into the E. coli lineage over the evolutionary time scale analyzed here. For all gene pairs, we calculated Pearson's correlation coefficient (r) of the mRNA expression vectors across 52 different biological conditions.
In agreement with expectations, coexpression is strikingly poor for protein pairs where one partner was recently transferred into E. coli K12. Synchronized regulation improves over evolutionary time, until it reaches levels comparable with those of nontransferred gene pairs ( fig. 5) .
The trends of regulatory change over evolutionary time observed in figures 3-5 are unlikely to be explained by the gradual loss of nonfunctional horizontally derived genes, for 2 reasons. First, systematic variation extends beyond the E. coli-Salmonella split (age classes 5-6), whereas nonfunctional genes are unlikely to persist for such periods in free-living bacterial genomes. Second, excluding computationally predicted pseudogenes has no effect on our results (supplementary table 5, Supplementary Material online).
Conclusions
Recently transferred genes have few physical and regulatory interactions. This indicates that high connectivity acts as a barrier to horizontal gene flow not only in protein interaction networks (see also Wellner et al. 2007 ) but also in regulatory networks. We demonstrate here that the evolutionary fine-tuning of transcriptional regulation is exceedingly slow. The integration into the existing regulatory circuits of E. coli is still ongoing for many genes that entered the ancestral genome long before the diversification of the E. coli lineages 8-22 MYA (Bergthorsson and Ochman 1998) .
The barrier to gene flow associated with complex regulatory interactions appears ''soft'': We observe a slow but steady integration of transferred genes into the regulatory system of their host, reflected in accelerated evolution of regulatory sites, increasing complexity of cis-regulatory interactions, and improving coregulation of physically interacting proteins. Our results thus reinforce the view that during the evolution of bacterial regulatory circuits, transcription factors and their binding targets can evolve largely independently, allowing genes to join or leave regulons depending on environmental circumstances (Madan Babu et al. 2006) . 564 Lercher and Pál A recent publication (Lagomarsino et al. 2007 ) concludes that duplication of genes encoding transcription factors has played an important role in the evolution of the E. coli transcription network, whereas horizontally transferred genes were mostly added at the bottom layer of the network. Given that higher levels of the regulatory hierarchy may not only require many regulatory interactions but may also influence a wide range of downstream functions, this should not be surprising: Perturbation of higher regulatory levels by horizontally transferred genes is less likely to be selectively favorable compared with downstream targets. In qualitative agreement with this idea, we find that those transcription factors transferred into the E. coli lineage have on average less than half as many targets compared with nontransferred transcription factors (nontransferred: 14.3 ± 4.9 targets [N 5 35]; transferred: 6.1 ± 0.7 [N 5 85]; P 5 4.5 Â 10 À6 from Mann-Whitney U test). In contrast to the evolution of the regulatory network, we find that even proteins resulting from ancient transfers have few direct interactions with other proteins. This indicates that physical interactions provide a ''hard'' barrier to the fixation of horizontally transferred genes: Interaction partners have to be present immediately in the new host for the transferred gene to provide a selective advantage. As hubs of the protein-protein interaction network are likely to be relatively unspecific in their binding, our results are consistent with the finding that newly acquired genes in E. coli frequently attach to such hubs (Ochman et al. 2007 ). Based on indirect evidence from the comparison of 2 complementary methods of HGT identification, Wellner et al. (2007) have recently suggested that protein-protein interactions are slowly built over evolutionary time, analogous to our findings on regulatory network evolution. Although we see some weak trends in this direction, our direct evidence does not lend statistically significant support to that idea.
One obvious way to circumvent the barrier to horizontal gene flow imposed by protein interactions is the cotransfer of interacting partners. Frequently, transferred stretches of DNA indeed contain complete operons encoding large supramolecular structures rather than just individual genes (Lawrence 1997; Homma et al. 2007 ). As interacting proteins often reside in the same operon (or are encoded by neighboring genes) (Dandekar et al. 1998; Homma et al. 2007 ), the loss of interaction partners might hence be evaded: transfer of complete operons conserves both physical partnership and coregulation. There are several clear examples of cotransfers of operon parts encoding protein complex subunits (supplementary table 6, Supplementary Material online). In a similar vein, transcription factors in E. coli (but not in eukaryotic yeast) frequently regulate target genes that sit adjacent to them in the genome (Hershberg et al. 2005) , thereby facilitating cotransfer of transcription factors and their targets. However, successful transfer and initial integration of foreign DNA become less likely for larger fragments; hence, large modules of interacting genes are unlikely to be transferred in a single step.
Future studies should further characterize how modular organization of different cellular networks might reduce pleiotropic constraints and hence facilitates adaptation to new environmental conditions by horizontal transfer of moderately sized genetic modules (McAdams et al. 2004; Kashtan and Alon 2005; Alm et al. 2006; Homma et al. 2007) . Furthermore, it is also unclear how far the low gene dosages of horizontally transferred genes interfere with detecting the number of interacting partners in these genes.
How can the exceedingly slow fine-tuning of regulatory interactions be explained? We speculate that this process involves adjustments at many biochemical levels. For instance, it is well established that usage of rare codons (Kane 1995) and low GC content (Navarre et al. 2006) strongly influence levels of gene expression. Previous genomic studies have demonstrated that evolutionary modification of these parameters is very slow (Lawrence and Ochman 1997) , possibly because it requires many nucleotide changes with relatively small individual effects on fitness. We found a lower rate of acquisition of binding sites for negative compared with positive regulators. This finding would be consistent with lower selective pressures on the reduction compared with the enhancement of transcription levels: maybe too much of a protein is often less costly to the organism than too little. This decoupled evolution of up-and downregulation might also contribute to the prolonged regulatory evolution.
It is not clear if the slow rate of regulatory evolution observed here for horizontally transferred genes also FIG. 5 .-Coexpression of interacting protein pairs is poor immediately after HGT but improves over evolutionary time. We concentrated on interacting gene pairs with at least one member that has not undergone HGT into the Escherichia coli lineage over the evolutionary time scale analyzed here. The data set was divided into 3 categories based on the transfer status of the other member (nontransferred, product of recent [branches 1-3], or ancient [4-6] transfer events). For all gene pairs, we calculated Pearson's correlation coefficient (r) of the mRNA expression vectors across 52 different biological conditions. The figure shows relative proportions of all 3 categories. We observe a gradual increase in the frequency of nontransferred genes (N 5 7,605, v 2 5 463, df 5 9, P , 10 À93 ). The fraction of recently transferred genes among all transferred genes decreases drastically with increasing coexpression (N 5 4,431, v 2 5 91, df 5 9, P , 10
À16
).
Integration of Horizontally Transferred Genes 565 applies to the fine-tuning of regulatory interactions among native genes in response to environmental changes. Environmental changes often happen on shorter time scales than those examined here. Accordingly, such a generalization of our findings would suggest that many interactions in existing regulatory networks might still be evolving toward their optimum.
Supplementary Material
Supplementary tables 1-6 and figures 1-5 are available at Molecular Biology Evolution online (http:// www.mbe.oxfordjournals.org/).
